1981). Such dual-gradient models have been considered
on retinocollicular mapping, a focal injection of DiI was made in one retina followed by examination of the cona likely explanation of map formation in recent years tralateral midbrain. When temporal axons of ephrin-(Drescher et al., 1997; Flanagan and Vanderhaeghen, A2 Ϫ/Ϫ mice were labeled, an apparently normal arboriza-1998; O'Leary et al., 1999). However, alternative mechation was always seen and, in approximately half of the nisms, such as axon-axon competition for space in the animals (57% penetrance, 12/21 mice), an additional target, could also explain the ability of axons to distribmore posterior arborization ( Figure 1A ). These defects ute throughout the map (Prestige and Willshaw, 1975;  were reminiscent of those reported by Frisé n et al. 3). Up to five distinct arborizations were seen in the SC the ephrin-A2 gene. A neo selection cassette with stop of individual double mutants, with the average number codons in all three reading frames was inserted after being 2.9 Ϯ 1.0 (mean Ϯ SD) for nasal labelings and amino acid 66 in the ephrin-A2 sequence. Since this is 2.5 Ϯ 0.8 for temporal labelings. The ectopic terminajust upstream of the first of the four cysteines that form tions extended over all regions of the anteroposterior a conserved motif throughout the ephrin family, and mapping axis and did not appear to be targeted to any since most of the extracellular domain is encoded in a specific ectopic position. However, they did appear to single exon (Cerretti and Nelson, 1998), the mutated retain some bias in favor of the correct side of the SC gene is likely to be a null allele. The mutation was (Figure 3) . In contrast to the single mutants, an arborizaconfirmed by Southern blotting, PCR amplification of tion at the normal location was not always present and genomic DNA, and RT-PCR of RNA from wild-type often appeared faint relative to the overall labeling at and ephrin-A2 Ϫ/Ϫ mice (see Experimental Procedures). other regions (Figures 2 and 3 ).
ephrin-A2
Ϫ/Ϫ mice reach adulthood, are fertile, and We also assessed mapping in double heterozygote showed no gross morphological defects.
ephrin-A2 ϩ/Ϫ ; ephrin-A5 ϩ/Ϫ mice. Temporal axon labelings revealed a phenotype similar to the single mutant To assess the effects of ephrin-A2 gene disruption (0/8 mice; Figure 1H ). markedly different dorsoventral positions, unambiguously demonstrating a failure to establish correct map topography along both axes ( Figure 2B ). Obvious dorsoventral abnormalities were seen both for temporal axons We next wanted to test whether additional A ephrins mutant, nor was ephrin-A2 RNA expression affected in the ephrin-A5 Ϫ/Ϫ mutant (data not shown; Frisé n et al., might be present in the SC. We did this in two ways. First, in situ RNA hybridization was performed for all the 1998).
To test ligand distribution at the protein level, we used other known ephrin-A family members, ephrin-A1, -A3, and -A4. We were unable to detect prominent expresfusion protein probes consisting of Eph receptors fused to an alkaline phosphatase (AP) tag. Similar results were sion of any of these in the SC or IC, consistent with ; ephrin-A5 Ϫ/Ϫ animals regional markers. EphA5 is known to be in a temporal Ͼ show avoidance of posterior membranes, with no signifinasal gradient across the mouse retina ( Figure 6A ; cant effect of the mutation on sensitivity ( Figure 7E ). Feldheim et al., 1998). We find here that EphA6 is in However, the mutation had a pronounced effect on nasal a similar temporal Ͼ nasal gradient ( Figure 6B ). The axons, which showed a much stronger preference for receptor gradients were still present in the double muanterior SC lanes than wild-type nasal axons did (p Ͻ tants ( Figures 6E, 6F, and 6G ). In the mouse SC, EphA7 0.0002, Wilcoxon rank sum test; Figure 7E ). However, the receptor RNA is expressed in an anterior Ͼ posterior responsiveness of mutant nasal axons remained weaker gradient, and this gradient was also still present in the than the responsiveness of temporal axons (p Ͻ 0.0005; double mutant (data not shown). While the possibility Figure 7E ). of a subtle patterning difference cannot be eliminated, there did not appear to be any major change in the Discussion graded patterning of cell fates in the retina and tectum that could account for the mapping phenotype in the The projection from the retina to the tectum, or its mammalian equivalent the SC, has long been a major model ephrin-A2 As an alternative to models with two counterbalanced target. Since molecular labels had not been identified when those studies were initially performed, two explagradients prespecified in the target, we propose that our results could be explained by a model involving a nations could not be distinguished: either the labeling gradients readjust, or mapping may involve axon-axon repellent gradient of ephrins, in combination with axonaxon competition ( Figure 8C ). This competition could competition. Indeed, several competition models for mapping have been proposed ( temporal and nasal axons seen in all the genotypes How can this be explained? examined here ( Figure 8A ).
In the ephrin-A2
Ϫ/Ϫ and ephrin-A5 Ϫ/Ϫ single mutants, a major spot was always seen at or near the topographiOverlapping Gradients: Additive and Distinct cally appropriate position (this study; Frisé n et al., 1998).
Functions of Ephrin-A2 and -A5 This could potentially be consistent with two popula-
One of the notable characteristics of the ephrin family tions of retinal ganglion cells, one dependent on ephrins is that in many parts of the embryo two or more ligands for mapping and the other independent. In the double are expressed in overlapping gradients. Our studies permutant, however, the spot found at or near the normal mit an in vivo analysis of the significance of this overlap. position was of variable intensity, and was sometimes First, our finding that the double homozygous mutant weak or absent. This makes the two-population model shows a synergistic phenotype more severe than either seem unlikely.
single mutant demonstrates that ephrin-A2 and ephrinAn alternative model for the punctate termination A5 are partially redundant in topographic mapping. zones could involve a mechanism that causes neigh-A further question is to what degree they have distinct boring axons in the retina to cluster together in the SC, roles. Based on the ephrin-A5 Ϫ/Ϫ analysis, it was presuch as Hebbian activity-dependent refinement. The baviously suggested that ephrin-A5 might have a dominant sic idea is that axons which fire at similar times, because role in both anterior and posterior SC, whereas ephrinof patterned vision or spontaneous retinal waves, would A2 may act in central regions (Frisé n et al., 1998). Conhave their connections reinforced if they are clustered firming the idea that ephrin-A5 is dominant in posterior in the target (Shatz, 1996). In the ephrin mutants, we tectum, we find here that nasal axon mapping is normal suggest that removal of activity-independent labels may in the ephrin-A2 Ϫ/Ϫ mutant. This posterior dominance of allow axons from a small retinal position to terminate ephrin-A5 seems to fit well with its steeper posterior over an abnormally broad region of the SC. Activitygradient and with its higher affinity for Eph receptors dependent mechanisms may cluster the connections (Drescher et al., 1997; Flanagan and Vanderhaeghen, but may act over only a limited distance, so rather than 1998). a single cluster they form several arbitrary foci scattered In contrast, the temporal axon phenotypes here prowithin the overall region. This model could explain why vide evidence of an additive function of ephrins. In parthe average number of termination zones in the different ticular, strong support for this idea comes from the findtypes of mutant tends to increase in parallel with the ing that ephrin-A2
, and ephrin-A2 ϩ/Ϫ ; area over which they are scattered. 
